Introduction {#Sec1}
============

The use of classical cell line and animal model systems in biomedical research during the late twentieth and early twenty-first centuries has been successful in many areas, such as improving our understanding of cellular signalling pathways, identifying potential drug targets and guiding the design of candidate drugs for pathologies including cancer and infectious disease. The value of the achievements these model systems have made possible is proved by the fact that their use has become near universal in biomedical research today. Historically, the investigation of disease mechanisms in animal models has progressed along a common discovery pipeline, whereby biological processes were initially investigated by genetic screens in invertebrates, followed by an analysis of evolutionary conservation in mammalian model systems, eventually leading to clinical translation to humans. The common principles of animal development and organ physiology derived from this approach have led to a detailed mechanistic understanding of many human diseases. Nevertheless, extrapolating results from model systems to humans has become a major bottleneck in the drug discovery process. Furthermore, recent studies have identified biological processes that are specific to the human body and cannot be modelled in other animals. These include, for example, brain development, metabolism and the testing of drug efficacy. The emergence of human in vitro 3D cell culture approaches using stem cells from different organs has therefore received widespread attention as having the potential to overcome these limitations.

Attempts to model the biology of human organs --- including the differentiation of human stem cells in 2D, in either the presence or absence of a 3D matrix; [bio-printing](#Glos1){ref-type="list"} of human cells; and the culture of cells in a microfluidic device ('organ-on-a-chip')^[@CR1]^ --- were made prior to the emergence of organoids and have shown some potential for drug screening or human disease research. However, organoids are unique, in that they are self-organizing, 3D culture systems that are highly similar to --- and in some cases, histologically indistinguishable from --- actual human organs^[@CR2]--[@CR8]^. One feature that is common to all organoids is that they are generated from pluripotent stem cells (PSCs) or [adult stem cells](#Glos2){ref-type="list"} (AdSCs; also known as tissue stem cells) by mimicking human development or organ regeneration in vitro^[@CR9]^. The analysis of organoid formation can thus provide valuable information about the mechanisms underlying human development and organ regeneration, highlighting their value for basic biological research in addition to their potential application in pharmaceutical drug testing and molecular medicine. The potential of organoids to complement existing model systems and extend basic biological research, medical research and drug discovery into a more physiologically relevant human setting is becoming ever more widely appreciated. However, the development of organoid technology is still in its infancy in comparison to established cell line and animal models, with challenges still to overcome.

In this Review, we describe examples of PSC-derived and AdSC-derived organoid models that have shown great potential and promise in modelling human disease for a broad spectrum of life stages, from early development through to adulthood. Many excellent reviews have already described the various organoid model systems^[@CR9]--[@CR14]^, highlighted their relevance for disease modelling^[@CR15],[@CR16]^ and outlined organoid-associated protocols^[@CR17]^. This Review will instead discuss organoids as a novel model system for understanding human development and genetics that complements, and in the future might reduce, the use of animal models. We emphasize the differences between the mouse and human systems, evaluating the advantages and disadvantages of animal models and human organoid models. We also highlight the tools and methodologies that are available for human organoid studies, in the hope that this information will lead basic biologists to consider using this emerging platform for the study of human pathophysiology.

The diversity of biological model systems {#Sec2}
=========================================

Building on the fundamental idea that biological mechanisms are conserved throughout evolution, biomedical research has traditionally focused on only a handful of model organisms. These models are typically robust, fast-growing species that generate a large number of offspring in a short time and can be propagated at low cost in the laboratory. Researchers benefit greatly from the use of an established model organism, as there are already detailed descriptions of its development and physiology, a large body of experimental techniques and many community resources, including reagents and species-specific databases. While some model organisms, such as yeast (*Saccharomyces cerevisiae*), fruit flies (*Drosophila melanogaster*) and mice (*Mus musculus*), have a long tradition of use in research, other model systems have been established more recently but nevertheless have helped broaden our knowledge by presenting us with a new set of experimental tools. These include the worm, *Caenorhabditis elegans*, whose reproducible cell lineage allows unparalleled analysis of cell fate decisions^[@CR18]^, and the zebrafish, *Danio rerio*, the first vertebrate system in which saturation loss-of-function mutagenesis screening was performed^[@CR19],[@CR20]^. *C. elegans* became a widely used experimental model from the mid 1970s, whereas the first large-scale genetic screens in *D. rerio* were conducted in the 1990s^[@CR21],[@CR22]^. However, although it is extensive, the information obtained from animal models does not completely reflect human physiology. In this respect, human organoids (which emerged in the early 2010s)^[@CR3],[@CR5],[@CR23],[@CR24]^ can be seen as a novel experimental model that bridges the gap between animal models and human beings.

Model organisms {#Sec3}
---------------

The most commonly used model organisms currently are *S. cerevisiae*, *C. elegans*, *D. melanogaster*, zebrafish and the common house mouse. In addition, for cancer studies, patient-derived [xenografts](#Glos3){ref-type="list"} (PDX) and cancer cell lines are also used. Each model has its own unique advantages and limitations (Fig. [1](#Fig1){ref-type="fig"}). For example, 60--80% of genes in *C. elegans* have human orthologues, and about 42% of human disease genes have orthologues in *C. elegans*^[@CR25]--[@CR27]^. Moreover, many signalling pathways have been evolutionarily conserved from this species. The largely deterministic nature of *C. elegans* development makes it an ideal model for cell lineage analysis and has led to the discovery of key cell death pathways, yet pattern formation in *C. elegans* is different from that in other organisms, and mechanistic principles of its development are often not fully conserved. In addition, other aspects of the physiology of *C. elegans*, such as its lifespan, metabolism and immune system, are very different from human physiology.Fig. 1Comparison of organoids with other model systems.The most common model organisms that are used in biomedical research are *Caenorhabditis elegans*, *Drosophila melanogaster*, *Danio rerio* and *Mus musculus*, along with patient-derived xenografts (PDX). These models, as well as 2D cell cultures and human organoids, are assessed here for their relative benefits and limitations. Relative scores are represented as being the best (dark green tick), good (light green tick), partly suitable (yellow tick) and not suitable (red cross).

Among mammalian model systems, the availability of highly advanced genetic tools and germline-competent mouse embryonic stem cells (ESCs) that enable the generation of genetically engineered mouse models makes the mouse the most preferred system. Nevertheless, limitations remain with regard to the physical inaccessibility of early development, as compared with other, egg-laying models with visible development, the requirement for expensive animal facilities in which to maintain the mice and some important differences between mouse and human physiology (Box [1](#Sec4){ref-type="sec"}). The zebrafish was developed as a vertebrate model for large-scale genetic studies in the 1990s, to overcome some of the limitations of the mouse model: the transparent zebrafish embryo and this model's potential to reproduce in huge numbers with a manageable price tag allowed zebrafish researchers to uncover fundamental principles of early embryonic development. However, the zebrafish model suffers from a hugely complex genome, a lack of comprehensive in vitro culture systems and the fact that it shares only a limited degree of biological similarity with humans. Over the past 30 years, the use of these various, equally valuable animal model systems, as wells as 2D human cancer cell lines, has led to an explosion of knowledge about human development and mechanisms of disease, but it has also revealed the limitations of these same model systems in emulating human pathophysiology.

 {#Sec4}

The difference between mice and humans is evident in the culturing of their stem cells. Pluripotent mouse embryonic stem cells (ESCs) were established in the early 1980s^[@CR45],[@CR46]^. Leukaemia inhibitory factor (Lif) was the first pluripotent stem cell (PSC) factor identified, with the later discovery that 2i (the kinase inhibitors PD0325901 and CHIR99021) and Lif (together termed 2iLif) are necessary as well as sufficient for the culture of ESCs from all mouse strains^[@CR176]--[@CR179]^. The first human PSCs to be successfully cultured were human ESCs, equivalent to mouse epi-stem cells that have lost germ-cell potential^[@CR44],[@CR180],[@CR181]^. Initial cultures were propagated in media that were based on basic fibroblast growth factor, but for decades researchers continued to search for appropriate culture conditions in which to maintain human PSCs in the naive, pluripotent state^[@CR182]--[@CR188]^. Universally agreed-upon culture conditions for the maintenance of naive human PSC cultures remain elusive, with various reports suggesting different medium compositions including the use of a PKC inhibitor (Gö6983), ROCK inhibitor (Y-27632), MEK inhibitor (PD98059), GSK inhibitor (IM12), BRAF inhibitor (SB590885), LCK/SRC inhibitor (WH-4-023) or Wnt5A^[@CR182],[@CR184],[@CR189],[@CR190]^. A similar fundamental discrepancy between mouse and human cultures, in their requirements for additional media components, has also been observed in a number of adult stem cell (AdSC)-derived organoid culture systems. However, one commonality appears to be that inhibitors of TGFβ and p38 signalling must be added to the growth factors used in murine AdSC cultures in order to enable the long-term culture of human AdSCs^[@CR9]^. For example, mouse colonic organoids require epidermal growth factor, Noggin, R-spondin and Wnt as growth factors, while human colonic organoids additionally require two inhibitors, A83-01 and SB202190 (which block TGFβ and p38 signalling, respectively)^[@CR3]^, in order to attain a similar level of longevity and robustness. The differences between mouse and human systems in both PSC-derived and AdSC-derived organoid cultures suggest rather surprising fundamental differences between these species in the intrinsic signalling pathways that are activated in their stem cells and that are required for stem cell identity, and not just differences during development or during an immune response. This confirms the need for human-based laboratory model systems in order to fully understand human development and pathophysiology.

The need for human-cell-based models {#Sec5}
------------------------------------

A number of biological phenomena that are specific to humans are not amenable to being reproduced in animal models. The human brain, for example, is far more complex than its mouse counterpart, owing partly to human-specific developmental events and mechanisms^[@CR28]^. Neurons in the human cortex, for example, arise from a cell type, [outer radial glia](#Glos4){ref-type="list"}, that is not present --- or is present only in minute numbers --- in rodents^[@CR28]^. Human physiology is also profoundly different from the mouse model system: it is perhaps unsurprising that there are huge differences in metabolism between humans and laboratory models, given that humans develop far more slowly than the models^[@CR29]^. Common drugs such as ibuprofen^[@CR30]^ and warfarin^[@CR31]^ are metabolized in the liver in such different manners in humans and rodents that, in humans, ibuprofen is prescribed for pain, fever and inflammation, and warfarin is prescribed as an anticoagulation drug, whereas both drugs are toxic to rats. Finally, and in contrast to all animal models, humans are not [inbred](#Glos5){ref-type="list"}. Understanding human genetic diversity and its influence on disease onset and progression and drug responses is a prerequisite for developing personalized medical treatments and requires the establishment of human-specific model systems.

The advent of human [induced pluripotent stem cell](#Glos6){ref-type="list"} (iPSC) technology and diverse human AdSC culture methods has made it possible, for the first time, to generate laboratory models specific to an individual^[@CR32]^. Reprogramming other cells into iPSCs has become a routine laboratory procedure, but generating disease models from those cell lines remains challenging. Early approaches focused on the differentiation of iPSCs into one type of cell (for example, neurons and cardiomyocytes) and their culture in 2D^[@CR33],[@CR34]^. More recently, culture methods have been developed to mimic in vivo organ development in 3D, allowing more complex tissue structures and diverse cell types to be modelled simultaneously^[@CR1],[@CR9],[@CR35]--[@CR39]^. In this methodology, human iPSCs are sequentially exposed to a course of differentiation cues in order to simulate the stages of a human developmental process. During this process, differentiated iPSCs aggregate to form first an organ bud, and later organoids, that faithfully mimic the mature organ structure, including multiple cell types and the interactions between them.

Human AdSC-derived organoids have also emerged as an alternative organoid system that consists of a simpler structure composed mainly of cell types found in the epithelium^[@CR3]^. In contrast to the complicated process of iPSC reprogramming followed by differentiation to the required organ type, these organoids can be generated from biopsies isolated directly from the organ of interest or from diseased patient tissue. However, the establishment of human AdSC-derived organoids is limited by accessibility to the tissue and prior knowledge of the culture conditions for that tissue, while an iPSC line, once established from a patient, can be used to repeatedly generate different tissue models without any time limit (that is, beyond the patient's lifespan)^[@CR40]^.

In summary, organoids constitute an improvement in the generation of model systems, with cell types that more closely resemble, and are in similar conditions to, those found in the human body^[@CR7],[@CR41]^. Diverse organoid systems provide a useful variety in their complexity and modelling capability, ranging from the simple epithelial structures derived from AdSCs^[@CR3]^ to more complex cultures generated from multiple germ layers^[@CR6]^ obtained via multistep PSC differentiation protocols^[@CR42],[@CR43]^. It is expected that, in the near future, the variety of organoid models available, coupled with advances in the technology, will provide a series of powerful and efficient platforms for studying human development, physiology and disease.

Human model systems for human biology {#Sec6}
=====================================

The past years have seen substantial progress in the development and use of human-cell-based model systems for the study of human biology, including both pluripotent and AdSC-based systems.

The introduction of human iPSC technology {#Sec7}
-----------------------------------------

The first human PSCs, known as human ESCs, were reported in 1998 (ref.^[@CR44]^), nearly two decades after the initial discovery of murine pluripotent cell lines in 1981 (refs^[@CR45],[@CR46]^). The human stem cell lines were predicted to be useful for the study of human developmental biology, drug discovery and cell therapy --- in spite of the technical limitations imposed by the lack of knowledge of appropriate differentiation protocols at that time. As the generation of human PSC lines required the sacrifice of human embryos at the blastocyst stage, strong ethical concerns were raised^[@CR47]^.

In 2007 the debate around human PSCs was largely circumvented by the introduction of human iPSC technology, which converts an ordinary differentiated fibroblast from an adult human into a pluripotent cell^[@CR33]^. Reprogramming to a pluripotent state is usually achieved by forced expression of a specific set of transcription factors^[@CR33]^, and the pluripotent cells can then be differentiated into specific cell types. iPSC technology not only allowed the generation of patient-specific stem cells but also enabled researchers to work with an unlimited supply of human stem cells and stem cell-derived tissues. Furthermore, iPSC technology allows the banking of patient-derived stem cells^[@CR48]^. There are still technical limitations when using iPSCs --- for example, the use of oncogenes for reprogramming, the genetically unstable nature of the reprogramming and the low efficiency of reprogramming. All these technical hurdles made it difficult to obtain error-free iPSC lines from patients^[@CR49]^. But these limitations have been at least partly overcome by the use of non-integrating vectors and standardized quality control protocols to avoid or screen out unwanted genetic alterations^[@CR49]^. Line-to-line variability caused by the genetic heterogeneity of humans has also been resolved by the use of [isogenic controls](#Glos7){ref-type="list"} generated by genetic engineering using CRISPR--Cas9 technology^[@CR50]^. These improvements have enabled researchers to use iPSC-derived specialized cell types --- for example, neurons, cardiomyocytes, haematopoietic progenitor cells and pancreatic β-cells --- in disease modelling and drug screening^[@CR51]^. However, just over a decade after their introduction, 3D organ culture methods have greatly increased the utility of human iPSCs.

iPSC-derived organoid models {#Sec8}
----------------------------

Human PSC-derived organoids are generated by guided differentiation protocols that mimic developmental processes identified through previous work, both in vitro and in vivo (Fig. [2](#Fig2){ref-type="fig"}). As our knowledge of human development is very limited, most early studies that aimed at producing organoids with properties similar to those of human tissues were based on parallels drawn from mouse development. In principle, to generate an organoid, the entire process of organ development from PSCs should be faithfully mimicked. In reality, it is nearly impossible in vitro to provide all biochemical cues that drive cell differentiation and 3D tissue assembly and organization at precisely the right times, places and concentrations at which they would occur during embryonic development. Fortunately, cells in vitro tend to follow a semi-autonomous differentiation trajectory, as they do in vivo, and three main types of protocols are utilized to generate functional organoids.Fig. 2Process for the establishment of human PSC-derived and AdSC-derived organoids.Pluripotent stem cell (PSC)-derived organoids are established following directed differentiation of PSCs, which requires a first step that involves germ-layer specification (endoderm, mesoderm or ectoderm), followed by induction and maturation, by culturing with specific growth and signalling factors to obtain the specific cell types that form the desired organ. Some PSC-derived organoids may contain cells from multiple germ layers to closely mimic the in vivo counterpart. Adult stem cell (AdSC)-derived organoid cultures require isolation of the tissue-specific stem cell population, which can then be embedded into an extracellular matrix (ECM) with defined, tissue-specific combinations of growth factors to allow propagation. AdSC-derived organoids, as shown here, are of epithelial origin and lack a mesenchymal or immune component unless it is added separately. Signalling components that are important for guided differentiation and niche function are shown; activated signalling pathways are shown in green, and inhibited ones in red. BMP, bone morphogenetic protein; EGF, epidermal growth factor; FGF, fibroblast growth factors; HGF, hepatocyte growth factor; IGF, insulin-like growth factor; ROCK, RHO-associated protein kinase; TGF, transforming growth factor; VEGF, vascular endothelial growth factor.

In the case of brain organoids, human PSCs are initially guided to differentiate into [embryoid bodies](#Glos8){ref-type="list"} before further differentiation towards the neuroectodermal lineage. Once the cell aggregates contain the developmental precursors for brain tissue patterning, the rest of the developmental steps occur spontaneously in a [spinning bioreactor](#Glos9){ref-type="list"}^[@CR5],[@CR52]^. For the development of liver primordia, guided differentiation to hepatoblasts (hepatocyte precursors) was not sufficient to form a complete set of organ precursors, which requires cells from different lineages. It was known from studies of mouse hepatogenesis that cell-to-cell communication between endothelial, mesenchymal and hepatic endoderm cells was important, so based on this knowledge the first human liver primordia were created by mixing human PSC-derived hepatoblasts, mesenchymal cells and endothelial cells. Through self-condensation and organization, these three cell types assemble in vitro to make an aggregate that mimics the architecture of developing human liver primordia^[@CR23],[@CR53]^. Other organoids require more precise, lengthy protocols in order to acquire the appropriate progenitor cell types for the target epithelium. Many organoids that model endoderm-derived organs (such as oesophagus, stomach, colon, intestine and lung) undergo stepwise differentiation protocols, in which the timing, concentration and combination of specific growth factors and chemical inhibitors for modulating key developmental signalling pathways are crucial to developing the desired epithelial tissue in a manner analogous to fetal development^[@CR24],[@CR43],[@CR54]--[@CR57]^.

In all cases, the process of organoid formation involves three crucial steps. First, key signalling pathways regulating developmental patterning are activated or inhibited (using commercially available morphogens and signalling inhibitors) in order to establish a correct regional identity during stem cell differentiation. Usually this is achieved through induction of the signalling events that have been identified in the mouse as establishing cell fates in vivo. Second, media formulations that allow proper terminal differentiation of the desired cell types within the organoid are developed, generally following established methods of 2D culture or inspired by the murine developmental process. Finally, cultures are grown in a way that allows their expansion in three dimensions, which is achieved either by aggregating cells into 3D structures or by embedding the cultures into a 3D matrix.

Derivation of the first mouse and human intestinal organoids {#Sec9}
------------------------------------------------------------

AdSCs can be cultured in the presence of [niche factors](#Glos10){ref-type="list"} that function to maintain the stem cells in an undifferentiated state while allowing stem cell differentiation. As a result, the cultured stem cells can generate AdSC-derived organoids, which are composed of an epithelial monolayer that mimics the 3D architecture and contains the cell types of the desired organ to be modelled^[@CR58]^. The first steps in the development of AdSC-derived organoids, however, are to identify and isolate the appropriate population of adult stem cells and to understand their niche requirements. Obtaining the first mouse intestinal organoid cultures required not only the identification of the intestinal stem cell population expressing the selective marker for these cells, the leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5), but also the essential niche factors to support stem cell activity^[@CR59]^.

The re-creation of the intestinal stem cell niche in vitro was inspired by mouse genetic studies that had shown that epithelial proliferation and stem cell self-renewal are dependent on epidermal growth factor (EGF) and WNT activity, while differentiation is controlled by bone morphogenetic protein (BMP) signalling. Hence, the first culture medium that was successfully used to obtain mouse intestinal organoids contained EGF as a mitogen, R-spondin to activate the WNT signalling pathway and Noggin to block BMP activity^[@CR2]^. However, the conditions identified as the minimum niche environment for the maintenance of mouse intestinal stem cells were not directly applicable to human intestinal or colonic organoid cultures. Unlike the [Paneth cells](#Glos11){ref-type="list"} that secrete some of the niche factors found in mouse intestinal organoid cultures, human gut organoid cultures are devoid of fully functional Wnt-secreting niche cells (for example, Paneth cells), and so require that exogenous Wnt3a be added to the medium. Moreover, long-term maintenance of human gut organoids through multiple passages requires both inhibition of the TGFβ pathway, by addition of the chemical inhibitor A83-01, and inhibition of the p38 MAPK pathway, by addition of SB202190 (ref.^[@CR3]^). After it was discovered that SB202190 prevents secretory lineage differentiation, this inhibitor was replaced by the addition of insulin-like growth factor 1 (IGF1) and fibroblast growth factor 2 (FGF2)^[@CR4]^; this modification enables concurrent multilineage differentiation and self-renewal in human gut organoids. All these changes and refinements to culture conditions, which are the results of another decade of research, improved the quality of human gut organoid cultures, enabling researchers to produce organoids that more closely resemble tissue in vivo. Nevertheless, mouse organoids remain more similar to the in vivo tissue of origin than do human organoids.

Generation of other AdSC-derived organoids {#Sec10}
------------------------------------------

Using the procedure described above, multiple types of organoids from various tissues have been generated by modifying the basic medium that was initially developed for intestinal organoid culture (Fig. [2](#Fig2){ref-type="fig"}; Fig. [3](#Fig3){ref-type="fig"}). In most cases, a mouse organoid culture system was first established and then adapted to human cells. Mouse colonic organoids can be grown through the addition of Wnt3a^[@CR3]^. Mouse stomach pyloric organoids and [corpus](#Glos12){ref-type="list"} organoids were grown with only slight modifications to the original protocol for mouse intestinal organoids^[@CR60],[@CR61]^. Mouse liver and pancreas ductal organoids were also obtained similarly from injury-activated Lgr5-positive progenitors^[@CR62],[@CR63]^.Fig. 3Reported human organoid systems by tissue of origin.The chart provides information on the type (either pluripotent stem cell (PSC)-derived or adult stem cell (AdSC)-derived), biobanking status and use in disease modelling of the human organoid systems reported to date, summarized by organ.

The number of organoids generated from diverse mouse tissues and organs is growing, and for each, previous knowledge of the signalling processes that comprise the organ-specific or tissue-specific stem cell niche environment has been key to developing the appropriate protocols. AdSC-derived human organoids have also become widely available (Fig. [3](#Fig3){ref-type="fig"}). They have been generated from almost all endoderm-derived tissues (intestine, colon, stomach, liver, pancreas, lung, bladder and so forth)^[@CR3],[@CR7],[@CR41],[@CR64]--[@CR70]^ and from gender-specific tissues (prostate, endometrium, fallopian tube and mammary gland)^[@CR8],[@CR71]--[@CR75]^. Additional components frequently required for the growth of human cultures, in comparison to the mouse cultures, are a TGFβ pathway inhibitor (such as A83-01) and a p38 MAPK inhibitor (such as SB202190)^[@CR9]^. As for mouse organoids, human organoids can be derived from minimal amounts of tissue biopsies and can be cultured indefinitely, thus forming the basis for the building of [living biobanks](#Glos13){ref-type="list"}, which are an important resource in biomedical research.

Biomedical applications {#Sec11}
=======================

Following the establishment of human stem cell-based organoids, various human diseases have been modelled using these systems. For example, human organoids have been used to study infectious diseases, inheritable genetic disorders and cancer. Moreover, with the advent of various genetic-engineering tools, pathogenic genes and mutations can be directly tested in organoids derived from cells isolated from healthy donors, which enables us to perform human genetic studies in controlled genetic backgrounds.

Human brain development and Zika virus {#Sec12}
--------------------------------------

The human brain is the most highly developed brain in the animal kingdom and the most complex organ in our body. Because of its distinct complexity, it has been very difficult to model human brain development using animal systems. Human brain organoids, however, have now been successfully used to model human brain development and disease. The first disease studied in this model was microcephaly; unlike rodent models, human brain organoids with a mutation in CDK5RAP2 display a significantly reduced size, with a smaller number of progenitors that undergo premature neurogenesis^[@CR5]^. CDK5RAP2 is localized at the centrosome and is required for correct orientation of the mitotic spindle, so that a mis-orientation of the cleavage plane prevents the expansion of the progenitor pool by symmetric division in the patient-derived organoids.

This human experimental system was also crucial in determining the relationship between the Zika virus (ZIKV) and microcephaly. During the recent ZIKV outbreak, a link was initially suggested between neurological disorders, including microcephaly, and ZIKV^[@CR76]--[@CR79]^. Nevertheless, even though ZIKV could be detected in microcephalic fetal tissues, the causal relationship and the mechanism by which ZIKV might compromise brain development were not clear. A number of studies have used 3D human stem cell-derived systems, including [neurosphere](#Glos14){ref-type="list"} culture and brain organoid models, to reveal the effect of ZIKV infection on human brain development^[@CR80],[@CR81]^. Thus, the human organoid model provides a physiologically relevant platform for studying ZIKV pathogenesis. Further studies with human brain organoids have determined that Brazilian ZIKV strains possess increased virulence as compared to an African strain^[@CR82]^, and that the [NS2A protein](#Glos15){ref-type="list"} of ZIKV causes decreased neural stem cell proliferation^[@CR83]^. Various chemical compounds that alleviate the [hypomorphic effect](#Glos16){ref-type="list"} of ZIKV have also been identified using the human brain organoid system^[@CR84]^.

These studies highlight the importance of human brain organoids as a model system in understanding the pathology and mechanistic basis of genetic and infectious diseases, as well as in discovering potential therapeutic reagents.

Human AdSC-derived organoids in the study of infection biology {#Sec13}
--------------------------------------------------------------

As exemplified by the ZIKV studies above, a human model system is preferable to animal models when studying infectious disease pathogenesis, because pathogens often have a narrow species or tissue [tropism](#Glos17){ref-type="list"}; that is, they infect only certain species, and sometimes only specific cell types. For decades there were not any methods to culture human noroviruses, which cause acute gastroenteritis and can be fatal in young children or in old or immunocompromised individuals^[@CR85]^. It recently became possible to successfully grow norovirus in culture by using a human intestinal organoid-derived epithelial monolayer, which led to the finding that certain viral strains specifically require both certain bile components and the activity of the host galactoside 2-alpha-[l]{.smallcaps}-fucosyltransferase 2 (FUT2) enzyme for infection^[@CR86]^, which mirrors the patterns of epidemiological studies. Rotaviruses, which also cause diarrhoeal disease^[@CR87]^, are another example of human intestinal organoids being used to cultivate patient-derived viral strains. The rapid replication of the virus was detected within one day of inoculation. An antiviral cytokine, a VP7-neutralizing antibody and ribavirin were demonstrated to suppress viral replication in the organoid system^[@CR88],[@CR89]^.

Human airway organoids are suitable models for the study of respiratory viruses. Respiratory syncytial virus (RSV) is a single-stranded RNA virus that is a significant threat to young infants and the elderly^[@CR41]^. It was shown to successfully infect human airway organoids and to cause dramatic changes to epithelial morphology and function: the NS2 protein of RSV was shown to cause increased motility of airway epithelial cells^[@CR41]^. The human airway organoid system has also been used to assess the infectivity of animal-borne influenza viruses^[@CR90]--[@CR92]^. The diversity of two viral surface molecules --- haemagglutinin and neuraminidase --- has previously made it difficult to predict the infectivity of these viruses in humans^[@CR93]^. The human airway organoids faithfully simulate human airway epithelium, and so provide a platform for rapidly testing the infectivity of newly emerging influenza viruses.

Organoids have also been used to co-cultivate human epithelia with bacteria (for example, *Helicobacter pylori*) and with protozoan parasites (for example, *Cryptosporidium*)^[@CR64],[@CR94]--[@CR96]^. The list of pathogens that can be grown in the surrogate human organ system is growing rapidly. We expect that, in the near future, numerous microbiome strains from the human gut or glands will be analysed by using organoids to study infectious diseases in a human cell context, and that organoid infection models will be used as screening platforms to identify novel drug candidates (Box [2](#Sec14){ref-type="sec"}).

 {#Sec14}

Numerous epidemics and pandemics have threatened human health in history (of which a few examples are plague (*Yersinia pestis*), Spanish flu, smallpox, AIDS/HIV, Ebola virus, severe acute respiratory syndrome (SARS)-coronavirus (CoV) and Zika virus (ZIKV); [WHO, Disease outbreaks](http://www.who.int/emergencies/diseases/en/)), heavily disrupting human society. The emergence of the novel human coronavirus SARS-CoV-2 was first reported in Wuhan, China, at the end of 2019 (ref.^[@CR191]^). SARS-CoV-2, reported to have crossed the species barrier, causes coronavirus disease-19 (COVID-19) in humans^[@CR192]^. Owing to the lack of targeted antiviral medicines and a vaccine against COVID-19, the virus has spread globally and the WHO has declared COVID-19 a pandemic ([WHO, Coronavirus disease (COVID-19) pandemic](https://www.who.int/emergencies/diseases/novel-coronavirus-2019)). Developing a vaccine and therapeutics against COVID-19 has become a priority, and human organoids can play a crucial role in advancing research, by providing human cells from different organs that are susceptible to SARS-CoV-2 infection. Several research groups have successfully shown that SARS-CoV-2 can infect and propagate in primary human organoids derived from liver and gut, as well as in pluripotent stem cell-derived organoids modelling blood vessels and the kidney^[@CR193]--[@CR195]^. SARS-CoV-2 uses the same protein, viral receptor angiotensin-converting enzyme 2 (ACE2), as SARS-CoV to enter the host cells. ACE2 is expressed in multiple tissues and cell types, enabling the virus to infect other tissues beyond the lung^[@CR196]--[@CR199]^. The ability of SARS-CoV-2 to infect different organs was modelled with human organoids^[@CR193]--[@CR195]^. Moreover, it has been shown that the viral infection of human blood vessel and kidney organoids can be inhibited by human recombinant soluble ACE2, a drug candidate initially developed for SARS-CoV^[@CR194]^. Structural studies of the spike proteins of SARS-CoV-2 and SARS-CoV bound to ACE2 predicted a similar result^[@CR200]--[@CR202]^. These studies have provided additional evidence that human organoids can serve as an effective research platform for the study of human diseases, including the outbreak of new viruses such as SARS-CoV-2 and ZIKV.

Organoids for cystic fibrosis and the living cancer atlas {#Sec15}
---------------------------------------------------------

Human organoids are important resources for [precision medicine](#Glos18){ref-type="list"}. For example, they can be useful for selecting an appropriate drug for patients with genetic diseases or cancer. Cystic fibrosis (CF) is a relatively common genetic disease with approximately 90,000 patients worldwide. Although loss of function of the *CFTR* gene, encoding a chloride channel regulating the mucosal environment, is the main cause, nearly 2,000 mutations have been reported that affect the function or expression of CFTR, making this a genetically heterogeneous disease^[@CR97]^. While two drugs --- VX-770 (a *CFTR* potentiator that improves chloride-channel activity) and VX-809 (a *CFTR* corrector that helps mutant protein folding) --- are already available for patients with CF who carry specific *CFTR* mutations in combination with the common mutation F508del, evaluating the efficacy of these drugs or discovering new drugs for patients with different mutations remains challenging. Rectal organoids isolated from small endoscopic biopsies have been used in forskolin-induced swelling (FIS) assays^[@CR98]--[@CR100]^ to assess forskolin--cAMP signalling-induced CFTR channel activity, and it was found that the assay can faithfully predict patient responses to individual drugs and to combined treatments^[@CR99],[@CR100]^. It was also found that with this relatively simple in vitro assay it is possible to identify which patients with rare mutations would respond to, and could therefore be treated with, existing therapies^[@CR99],[@CR100]^, which could be life-changing for those individuals. The rectal-organoid-based FIS assay screen is currently being performed by Hubrecht Organoid Technology for patients in the Netherlands with CF.

Human organoids also play a prominent role in enhancing our understanding of human cancers. Traditionally, human cancer cell lines, mouse cancer models or PDX have been the main experimental platforms for studies of human cancer. However, with the advent of AdSC-derived organoid technology, transformed cancer tissues have been grown in vitro as cancer organoids (also known as tumouroids or canceroids), demonstrating that this technology is applicable to diseased tissue as well as to normal epithelia. Patient samples from colon^[@CR101]--[@CR105]^, brain^[@CR106],[@CR107]^, prostate^[@CR108]^, pancreas^[@CR109]--[@CR111]^, liver^[@CR112]^, breast^[@CR113]^, bladder^[@CR68]^, stomach^[@CR114]--[@CR116]^, oesophageal^[@CR117]^, endometrial^[@CR118]^ and lung^[@CR41],[@CR119]^ cancers have readily been cultured as cancer organoid models. Recently, an analysis of drug responses in patients and in their matched cancer organoids led to the conclusion that responses to the drugs are highly similar in the two settings: a drug with no antitumour activity in the organoids did not demonstrate efficacy in the matched patient, and drugs that showed an effect in the organoid cultures were matched by a patient response in close to 90% of cases^[@CR120]^. This initial study has been corroborated by several studies with larger cohorts^[@CR105],[@CR121],[@CR122]^. The sample size and cancer types analysed remain limited, and more rigorous investigation will be needed before cancer organoids can be routinely adopted as in vitro patient 'avatars'. Nevertheless, the rapidly increasing number of patient-derived cancer organoids and their use in xenograft formation and molecular profiling have already accelerated cancer research, and patient-derived organoid models in the future may provide an in vitro screening platform to predict the best therapeutic options for individual patients.

Genetic engineering in human cells {#Sec16}
----------------------------------

In 1987 Mario Capecchi reported highly frequent homologous recombination events in mouse ESCs^[@CR123]^. By contrast, homologous recombination was found to be an extremely rare event in human PSCs^[@CR124]^. Later studies reported that double-strand breaks (DSBs) facilitate homologous recombination events as part of the DNA repair mechanism in human cell lines^[@CR125]^. Much effort has been directed at establishing an efficient method for generating DSBs at a specific target locus in order to harness this repair machinery in introducing desired genetic changes such as repair sequence or pathogenic mutation into the target locus. This was initially accomplished by the use of meganucleases (endonucleases with a long recognition site (12--40 bps)), zinc finger nucleases^[@CR126]^ and transcription activator-like effector nucleases^[@CR127]^, but with varying levels of target specificity and activity. The development of the CRISPR−Cas9 endonuclease technology has made diverse methods of genetic engineering readily available to all researchers^[@CR128]--[@CR131]^. Unlike the previous technologies, the Cas9 endonuclease is guided to the genomic sequence of interest as a means to generate a DSB by a guide RNA sequence (gRNA), making the system highly versatile and easy to apply^[@CR132]^.

There are numerous examples of genetic engineering of human PSCs using this system, including the generation of [isogenic cell lines](#Glos19){ref-type="list"} with specific mutations. Such isogenic cell lines serve as an important control for genetic analysis in human PSCs, due to the strong phenotypical variation among different cell lines. Furthermore, large-scale loss-of-function analyses have been performed in many human cancer cell lines and human PSCs through the multiplexing of gRNAs in retroviral or lentiviral vectors, to provide genome-wide targeting coverage. Combining organoid systems with CRISPR--Cas9 genome editing broadens the applications of the organoid system in many ways. For example, this system has been used to model monogenic disorders such as CF. Human gut organoids with F508del, causing misfolded CFTR channel protein that leads to rapid degradation, were precisely corrected into the normal sequence by CRISPR--Cas9; the engineered organoids with the corrected CFTR amino acid sequence showed restored channel activity of CFTR in vitro^[@CR133]^, showing the causal relationship between the mutation and disease phenotype, as well as the possibility of using a similar strategy to generate autologous organoids for transplantation. CRISPR--Cas9 technology has also been employed to identify and introduce oncogenic driver mutations to normal epithelial organoids. Two groups have independently reported the minimum set of mutations that can closely model a metastatic human colon cancer^[@CR134],[@CR135]^. Simultaneous knockout of multiple genes or conditional gene knockout strategies have also been developed for AdSC-derived organoids and for PSCs that can be used for PSC-derived organoids^[@CR136]--[@CR138]^. CRISPR gRNA library screening analysis has been performed in multiple labs to maximize the utility of human organoids in genetic studies^[@CR139],[@CR140]^. These developments in genetic engineering, combined with human PSC and human organoid technologies, have opened new opportunities for studies of human genetics, as it is possible to perform genetic experiments in small human organ models that closely reflect human physiology.

Opportunities and challenges {#Sec17}
============================

Organoids should largely be considered as a model system currently under development: much of the current excitement around the technology is based on their enormous potential rather than on what has already been achieved. Nevertheless, organoids could potentially revolutionize disease research in a profound manner (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Potential applications of human organoids.Two types of organoids are widely used, derived from either pluripotent stem cells (PSCs) or adult stem cells (AdSCs). Organoids can be used for (1) basic research, including studies of human biology aiming to understand developmental processes, responses to external stimuli and stress signals, cell-to-cell interactions and mechanisms of stem cell homeostasis; (2) biobanking, whereby samples obtained from patients can be used to generate patient-derived organoids and stored as a resource for future research; (3) disease modelling, to understand the mechanisms of human diseases such as infectious diseases, inheritable genetic disorders and cancer using various laboratory techniques, including omics and drug-screening analyses; and (4) precision medicine, in which patient-derived organoids can be used to predict response to drugs and as resources for regenerative medicine coupled with genetic engineering. ECM, extracellular matrix.

Bridging the gap between animal models and humans {#Sec18}
-------------------------------------------------

Generating animal models for a specific disease requires pre-existing insight into either the causative conditions or the genes involved. Animal models are typically created by applying harmful conditions to animals or by manipulating the genes responsible for the disorder, while organoid models can be directly generated from affected patients without prior knowledge of the specific genes responsible. This is particularly relevant for [multigenic disorders](#Glos20){ref-type="list"} such as inflammatory bowel disease, provided that the pathology is caused by the affected epithelium, and for cancers, where cancer organoids can be directly isolated from the patient^[@CR141]--[@CR146]^.

Human organoid cultures have a number of potential benefits over animal models (Box [3](#Sec19){ref-type="sec"}): organoids provide faster and more robust outcomes, are more readily accessible and provide both a more accurate representation of human tissue and a larger quantity of material to work with than animal models do. The mouse is one of the animal model systems most frequently used to explore human biology and disease, owing to its similarity to humans, in comparison with other animal models, and to the ability to generate transgenic and knockout mouse strains. However, the generation of a conventional transgenic mouse model to address questions regarding human disease generally takes more than a year, even with the technological advance of CRISPR--Cas9-mediated precision genome editing^[@CR147]--[@CR149]^. Furthermore, differences in microbiota and pathogen composition between animal models and humans, as well as the failure of certain phenomena observed in mice to translate directly to humans, limit the utility of animal models in human disease research^[@CR150]^. Human stem cell-derived organoid culture is widely expected to bridge the remaining gaps between animal models and humans, primarily because the source material for organoid culture is a stem cell derived from a human^[@CR35],[@CR40]^. The length of time required to establish the research platform is also faster for the organoid model than for animal models: a human organoid culture can be established within a few weeks or months with a high success rate, thus supporting the use of patient-derived organoids in personalized medicine to provide robust personalized data, including individual mutation profiles and drug responses. Organoid handling is also relatively easy, with researchers being able to handle a large number of organoid lines at the same time, although the initial determination of culture conditions for a new tissue type is rather complicated.

 {#Sec19}

**Benefits** Human-derived: human organoids represent human physiology, rather than being a 'human-like' or 'similar' system.Rapid: adult stem cell-derived and pluripotent stem cell-derived organoids can be established rapidly and easily.Robustness: once established, scale-up is usually possible for large-scale genomic screening and drug screening.Genetic manipulation: most modern genetic engineering tools can be applied to induced pluripotent stem cells or directly to organoid systems.Personalization: induced pluripotent stem cells and organoids can be obtained from individuals.

**Limitations** Cellular components: the microenvironment is sometimes lacking, particularly in adult stem cell-derived organoids. Co-culture systems with other cell types are not firmly established.Standardization: protocols for organoid establishment and quality control are not globally standardized.Relatively costly: organoids cost less than mouse or fish models, but they are relatively expensive compared to traditional cell lines, fly, yeast or worm models.Scale: studies at the level of whole organs are difficult.Heterogeneity: owing to diversity between individuals and protocols, outcomes may vary from group to group.

Variability and single-cell profiling {#Sec20}
-------------------------------------

In spite of the many advantages detailed above, human organoid culture remains under development, and numerous efforts to advance the technology are still in progress. One of the most pressing issues in organoid technology is the variability of the system: individual reports have described contrasting methods to generate organoids from stem cells, but a widely accepted, standardized protocol is still missing. For instance, human gut organoids derived in different laboratories, using human AdSCs and human PSCs, are different, even though both are termed 'gut organoids'^[@CR2],[@CR3],[@CR24]^. The possibility for further improvement of an already well-defined method was recently reported by showing that more refined culture conditions provide better cellular diversity and culture efficiency^[@CR4]^. The lack of widely accepted, standardized protocols and guidance is an important issue to overcome in order to reduce the variability of the system from research group to group. A collective effort should be made to set clear guidelines and ways to assess the quality and validity of each system. Single-cell profiling technologies for transcriptome and epigenome analysis may be key in terms of highly accurate assays suitable for this purpose. With these assays, it would be possible to compare every cell type present in the organoids with their in vivo counterpart at the level of transcriptome and epigenome. In addition, individual differences such as age and genetic background might introduce further variability to the human organoid system, which, while potentially challenging, could also present an opportunity to assess the role of person-to-person variability in human biology.

Pros and cons of increasing cellular complexity {#Sec21}
-----------------------------------------------

Additional considerations to be addressed include the modelling of cell-to-cell communication with stromal cell populations and the development of vasculature in organoid systems, although vascularization has been observed in some cases upon transplantation^[@CR23],[@CR151]^. Significant progress has recently been achieved with blood vessel organoids^[@CR152]^, which have a great potential to impact research into vascular diseases such as diabetes. However, despite steady progress, vascularization still remains a difficult obstacle to overcome.

Several reports already exist of organoid co-culture systems containing pathogens such as bacteria, viruses and parasites^[@CR153],[@CR154]^, and moreover, organoid co-cultures with mesenchymal and/or immune cell populations have shown exciting progress in recent years and are of great interest as means to better model human disease^[@CR23],[@CR155]--[@CR162]^. Nevertheless, organoid systems already contain a large degree of complexity, and it is important to acknowledge the challenge of adding additional components to an already complex system. Both simple and complex organoid systems have their pros and cons, and therefore it is most important to use the most appropriate level of complexity for a given study. For example, cancer organoids containing only the epithelial component can be sufficient to test the efficacy of most cancer drugs. However, for immuno-oncology therapies or for an assessment of drug metabolism and availability to the target organ, more complex systems containing immune cells, mesenchymal cells and/or endothelial cells together with the organoids will be necessary. Unfortunately, a standardized protocol or guidelines concerning these matters are still lacking, so individual researchers are left to determine the most appropriate system for themselves. We foresee that full standardization of many of these protocols will be achieved in the near future, in a manner similar to increases in both the quality and reproducibility of human iPSC technology.

Assessing interactions with other organs and the environment {#Sec22}
------------------------------------------------------------

One clear drawback of organoid systems is the lack of interorgan communication. Human organoid systems fundamentally mimic a part of the human body, not the entire body. Therefore, human organoids are limited to the reproduction of organ-specific or tissue-specific microphysiology, a limitation to bear in mind prior to entering this exciting new field. However, efforts are already in progress to overcome this limitation. For example, multiple organoids have been connected in order to study communication between the liver, pancreas and gastrointestinal tract^[@CR163]^; cell migration between the developing forebrain and hindbrain^[@CR164]--[@CR166]^; and the interaction between the brain and hormone-producing organs^[@CR167]^. The development of tools to help us model organ-level communication will progress, although this capacity is likely to lag in comparison to progress in other areas of the field, owing to the complex nature of the studies undertaken. Of note, efforts to bring together the fields of organoid research and organ-on-a-chip research are particularly exciting, potentially resulting in an 'organoid-on-a-chip' technology^[@CR168],[@CR169]^. We foresee, for example, the potential generation of a chamber device that enables the separate culture of distinct organoid types, thus preventing the uncontrolled fusion of organoids while permitting organoid--organoid communication.

Finally, the effect of extracellular matrix composition on organoid culture is yet to be defined; uncertainty in the composition of the extracellular matrix can heavily influence the outcomes in chemical screening or genetic screening of human organoids. Diverse efforts have been made, with some impressive successes in recent years^[@CR170]--[@CR175]^. This obstacle should be overcome not only as a means to produce more robust human model systems, but also to allow the translation of human organoid technology to regenerative medicine, where 'good manufacturing practice' requires all raw materials, including matrix materials, to be fully defined. Furthermore, work is ongoing towards the development of organoid culture platforms for large-scale production, organoid-based high-content screening platforms and micro-organoids-on-a-chip as miniature, finely controlled systems. For all these systems, it will be extremely important to know how to manufacture a synthetic, versatile extracellular matrix.

Conclusions {#Sec23}
===========

Despite the remaining challenges, human organoids hold great potential in clinical translational research, owing to the advantages outlined above and to rapid, ongoing technology development. From the initial full 'laboratory life cycle', which started with the isolation of patient samples, to the establishment of organoids and their cryopreservation, organoid technology has expanded to embrace genetic manipulation, various omics and drug-screening analyses and diverse co-culture system with viruses, bacteria and parasites (Fig. [4](#Fig4){ref-type="fig"}). Thus, technologies and experimental procedures that were developed in other model systems can now be applied to human organoid systems, which will accelerate our understanding of human biology and enable us to validate hypotheses and models generated from studies in animal model systems. Given the rapid technical advances in the field, we believe that human organoid systems will provide unprecedented opportunities to improve human health.
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Bio-printing

:   A printing technique to generate tissue-like structures using biomaterials such as cells.

Adult stem cells

:   (AdSCs). Stem cells in the adult body that are important for maintaining organ homeostasis.

Xenografts

:   Tissues or organs transplanted between different species.

Outer radial glia

:   Part of neocortex where neuronal progenitors reside.

Inbred

:   A breed with genetically closely related individuals.

Induced pluripotent stem cell

:   (iPSC). Pluripotent stem cells reprogrammed from somatic cells.

Isogenic controls

:   Control cell lines with the same genetic background as experimental cells.

Embryoid bodies

:   Three-dimensional pluripotent stem cell aggregates.

Spinning bioreactor

:   Culture system in which nutrients are supplied while cells are agitated.

Niche factors

:   Growth factors provided by the surrounding environment of stem cells.

Paneth cells

:   Epithelial cells that reside at the base of the intestinal crypt with secretory granules.

Corpus

:   Middle part of the stomach, connected with cardia, fundus and pylorus.

Living biobanks

:   Collection of biomaterials, such as cancer organoids, used for research.

Neurosphere

:   Free-floating aggregates of neuronal stem cells.

NS2A protein

:   Nonstructural protein 2A, encoded in a virus genome.

Hypomorphic effect

:   An effect that causes small size of a body part.

Tropism

:   The ability of a virus to infect various species and cells.

Precision medicine

:   An approach to treating individual patients with the best possible drug, based on the individual's genetic background and disease characteristics.

Isogenic cell lines

:   Genetically identical cell lines that share a parental line.

Multigenic disorders

:   Diseases caused by more than a single genetic factor.
